The purpose of the present study is to develop computer program models in the separator to analyze the behavior of droplets (carryover) which are ejected from the separator on the basis of physical understanding of phenomena. Firstly, the behavior of steam, liquid film, liquid droplets, and void in the separator are calculated using basic conservation equations coupled with empirical correlations derived from the mock-up test. The behavior of droplets, droplets ejected from the separator are analyzed by the following method. Steam velocity outside the separator was calculated with the versatile 3-dimensional flow analysis code in advance, and the trajectory of each liquid droplet was calculated with the Monte Carlo method.
I. INTRODUCTION
In a steam drum of ATR (Advanced Thermal Reactor: boiling-light-water cooled, heavy-water moderated, pressure-tube-type reactor), steam separators are equipped to separate the two-phase mixture produced in the core into steam and water. A considerable number of small droplets can be entrained with the separated steam flow, and many bubbles can also be entrained with the recirculated water flow. The entrained droplet and bubbles are called carryover and carryunder, respectively.
Regarding the prediction of carryunder behavior, the authors(1) have already proposed the method composed of a three-dimensional flow analysis, arbitrary bubble size generation by the Monte Carlo method, and a bubble tracking method. In the method, three-dimensional velocity vectors in the water were calculated at first, and bubbles with arbitrary size were put in the stream.
The behavior of each bubble was calculated on the basis of momentum balance. With regard to the behavior of carryunder, Petrie(2) conducted a primitive calculation.
However, little study was conducted to analyze the carryover behavior. The present paper proposes an idea to predict the flow behavior in the separator, and to evaluate the amount of carryover using the Monte Carlo method and a particle tracking method as used in the first paper for the evaluation of carryunder (1) . The present method can be applied to modify the separator.
Since the flow behavior in the separator affects on droplet generation, hydraulic models in the separator are important to predict carryover behavior. With regard to separations by the turbo-separator, corrugated-separators, gravity and screen dry-er, several models based on the experimental results were reported by Mochizuki & Hirao"). These models were incorporated into the present analysis code. These experiments were conducted using an air/water or steam/water system with a full-scale separator.
The developed method is validated using data obtained with the mock-up of steam/water system under reactor operating conditions.
II.
ANALYTICAL METHOD AND MODELS Figure 1 shows the schematic of flow in a separator of ATR. A two-phase mixture supplied to the separator is given an angular momentum by swirl vanes. In the turboseparator, water and steam are separated gradually.
In the lower part of the riser, there is a dead flow area that vanishes at the height about the same length of the hub diameter. Some of the separated water is ejected through holes to the annulus between the inner and outer cylinders of the turboseparator.
The remaining liquid film is collected and discharged at the top of the turboseparator.
Subsequently, almost all droplets in the steam flow are separated at the corrugated-separator.
Since perfect separation of droplets is impossible, a considerable number of small droplets is entrained by the steam flow and discharged from the separator. Some large droplets ejected into the steam flow are separated by gravity.
A wire-mesh screen-type dryer located above the separator is provided to trap these droplets. The carryover ratio, defined as the ratio of the droplet flow rate to the steam flow rate at the exit of the screen dryer, is strongly dependent on the following separation efficiency of each separation process :
(1) Separation at turbo-separator (2) Separation at corrugated-separator (3) Separation due to gravity (4) Separation at screen dryer.
Since the multi-phase flow in the steam separator is complicated due to rotating motion, it is hard to solve the flow behavior three-dimensionally.
In the present study, one-dimensional models for each separation process will be proposed based on the physical understanding of each separation process. Models for each position in the separator are combined to analyze the droplet mass flow rate ejected from the separator.
Mass flow rate of droplets is given by a one-dimensional multi-phase flow analysis in the separator. Then, the flow of droplets in the steam flow is solved to predict separation due to gravity. The motion of droplets in the steam flow is analyzed considering the balance of drag force calculated by a given steam velocity distribution with the gravity force. The velocity distribution of the steam flow outside the separator is calculated by a three-dimensional analysis code of single-phase flow, the SOLA code, developed by Hirt(4), assuming that the droplet fraction in the steam flow is small and that motion of a droplet does not affect the steam flow. Diameter of droplets is given by the distribution function with the UpperLimit Log-Normal distribution (ULLN). ( 5 ) = f(x, e), ( 6 ) 
When the Zivi correlation was used in the calculation, (as was discussed in the previous paper13)) the liquid film in the riser was calculated with good accuracy.
The inlet slip ratio S, is given by Eqs. ( 5 ) and ( 6 ) : The moving distance of the droplet during t seconds is given by the double integration of Eq. ( 9 ) regarding time : (10) Since the separation mechanism at the swirl vanes is the collision of droplets with the vanes, a small droplet entered from the right-hand side of the gap can easily pass through the gap without colliding with the vane. The larger the droplet entered at position Li ; the shorter the moving distance Id.
The maximum droplet diameter dp,max that can reach the edge ofthe vanes is given by substituting rd = L*E-LI into the above equation : ( Because angular momentum is a major factor for separation above the swirl vanes, the angular momentum of droplets should be known.
In order to calculate the rotational behavior of the droplets at the riser part, the average circumferential velocity of steam lig°, is included by the swirl vanes calculated as a function of inlet steam flow rate W (14)
where K, (=50.5 1/in2) is an empirical constant that expresses the efficiency of swirl vanes. This value should be measured with a mockup in advance. Average circumferential liquid film velocity ufe, is given by uo, taking account of the slip ratio S. ( 2 ) Separation at Riser To calculated the flow behavior at the riser, the following assumptions are introduced. A liquid film is formed on the wall of the riser as shown in Fig. 1 Since there are holes near the exit of the riser, a part of the liquid film is ejected through the holes to the annulus between the inner and outer cylinders of the turbo-separator. When pressure in the annulus is assumed to be a constant Pa, the ejection velocity of liquid through the perforated wall is (32)
where Pa should be calculated considering pressure loss in the annulus.
Wall pressure at the perforated portion Pr,,, is calculated considering the radial pressure distribution in the steam flow and liquid film region at the perforated portion.
The loss coefficient Cp was measured for a water flow using pipes with various holes ranging from 1 to 10 mm and correlated as a function of hole diameter Dn: 
When liquid film enters into the guide vane as shown in Fig. 6 , droplets are generated due to the instability as described in Ref. (3) . Droplet flow rate and the Weber number were given by the following empirical equations : 
Average liquid film thickness at the guide vanes to calculate delivery of flow rate to the collector vane and the orifice is given by the same equations as Eqs. Above the guide vanes, some liquid film and a part of steam and droplets flow into the collector vanes and the other into the orifice as shown in Fig. 6 . In this situation, it is assumed that all the fluid outside radius Rb is by-passed through the collector vanes and all the fluid inside RI, flows into the corrugated-separator through the orifice. The radius Rb can be calculated by iterative calculation taking account of pressure balance between the flow through the downcomer annulus and the flow through the corrugatedseparator.
To get the proper Rb, an initial value is assumed at the commencement of the calculation, and distributions of flow rates through the downcomer annulus and corrugated-separator are calculated by the following relationship. Then pressure drops through the downcomer annulus, namely pressure drop at collector vanes and downcomer, and through the corrugated-separator, namely pressure drop at the orifice and corrugated-separator, are calculated repeatedly until both pressure drops agree with each other within a certain allowable error.
The calculation of pressure drops at various positions is described in the latter section.
When Rb is greater than the position of the liquid film surface (0.5DG-hfc) a part of liquid film is by-passed through the collector vanes. In this case, steam and liquid flow rates into the orifice are given by 
In the calculation at the guide vanes, the radius of the guide vanes is required. WIJ=Wib+Wp.
(54) Pressure losses in the separator are calculated to know the axial pressure distribution and to calculate flow distribution between flow rate through the collector vanes and flow rate through the corrugated-separator. Pressure losses at the swirl vanes, guide vanes, orifice and corrugated-separator 41). are calculated by using the loss coefficient C. measured with the full-scale separator under the single-phase flow conditions described in the previous paper (3) 
where Ca (=1.0) is loss coefficient that should be measured with mock-up, pa is average density of the fluid calculated in the same way as pr in Eq. (61) and Ha is height of the annulus.
Gravity Separation
The two-phase mixture ejected from the corrugated-separator are separated in the volume outside the separator due to gravity. Since the droplets in the steam flow are scarce, the following is assumed in the theory ;
(1) The liquid droplets drift in a threedimensional single-phase flow of steam.
(2) The steam flow is not influenced with the existence of the droplets. where D/Dt means the substantial derivative. Distribution of the droplet diameter d is assumed to be given by Eq. ( 4 ), CD is calculated from the following relationship between the drag coefficient and the Reynolds number for a sphere proposed by Lapple (8) In the present study, flow conditions shown in Table 1 were used to validate the method. Table 1 Calculation case Fig. 9 Calculation mesh Figure 10 shows the calculated flow distribution inside the separator for case-3 flow condition.
Supplied total flow rate of water and steam was 27.76 kg/s and steam quality was 0.182. Droplets of 5.63 % in wetness fraction for steam flow are ejected from the corrugated-separator.
Since the radius dividing by-pass flow and main flow is located between the liquid film surface and the orifice edge in this case, all liquid film flows into the annulus. Figure 11 shows an example of velocity distribution at the section of J=4 calculated with the SOLA code in the case where steam flow rate is 5.06 kg/s at 7 MPa. Steam velocities for r, z and t directions as boundary conditions were given at the meshes indicated by a bold solid line with perpendicular arrows as shown in Fig. 9 . The vessel wall was treated as a wall with slip for steam flow. Most of the steam flows upward and some of it flows downward.
Average velocity at the middle position is about 0.6 m/s. When droplets are ejected into the steam flow from the corrugated-separator, most of them drop on the water bulk because of gravity, as shown in Fig. 12 . In the calculation, diameter of droplets was assumed to obey the ULLN distribution, and maximum diameter and distribution parameters were determined by the Lottes & Dukler(7) data with the adjacent Weber number as This is caused by a rotational motion in the turbo-separator.
Once small droplets less than 0.3 mm in diameter drift in the steam flow, they hardly go downward because velocity in the vessel increases at height. However these small droplets can be eliminated at the screen dryer, because its efficiency is fairly good.
Comparison of wetness fraction between experiment and calculated results at the same height as the top corrugated-separator are shown in Fig. 13 as a (1) A separator performance analysis code has been developed, on the basis of onedimensional multi-phase flow model in the turbo-separator and the separation models by correlations at the corrugated-separator and screen dryer. (2) Wetness fraction at the inlet of corrugated-separator was predicted by the developed code. As a result, it was clarified that models in the separator were suitable for the two-phase flow of air and water system. (3) Behavior of droplets ejected from the corrugated-separator in the steam/water system is calculated by the method of droplet tracking to validate the gravity separation model, in conjunction with the Monte Carlo method. As a result, it was clarified that the code could predict the wetness fraction at the vicinity of corrugated-separator when total flow rate of steam and water was high.
However, further discussion about the droplet size and the drag coefficient of the droplet in 38--the steam flow is necessary to improve the wetness distribution above the separator.
(4) To use the present code, performance of the swirl vanes, efficiencies of the corrugated-separator and screen dryer, loss coefficients, and so on should be prepared beforehand based on the experiment.
